Time-resolved combined scattering and spectroscopic techniques were used to understand in detail the formation of cordierite ceramic from two sources, (a) zeolite B and (b) cordierite glass systems. Time-resolved in situ combined EXAFS/XRD (at the Zn K-edge) investigation of the zinc oxide mixed zeolite B reveal that a series of transformations occur before the formation of cordierite ceramic. In particular the study revealed that addition of small amounts of zinc oxide promote the transformation of cordierite, through the formation of ZnAl2O4, at lower temperatures compared to the system without zinc oxide. Using in situ time-resolved SAXS/WAXS technique chromium doped in the cordierite glass system was investigated which revealed that, in addition to the formation of phase pure cordierite phase some amount of MgCr2O4 spinel phase are also produced.
Introduction
Lolite is the legendary gemstone which helped the Vikings navigate the Atlantic Ocean by helping them to find the sun's position even on overcast days by using thin pieces of this gem as polarizing filters [1] . Nowadays one can safely say that the role in navigation has been taken over by more modern methods and that the high quality specimens of this mineral are mainly used in jewelry. A more common form of this mineral generally goes by the name Cordierite, after the 18 th century French mineralogist Pierre Louis Antoine Cordier, and is a relatively rare magnesium iron aluminium cyclosilicate mineral. The basic composition of the pure mineral is Mg2Al4Si5O18 but in nature obviously many variations on this can be found and a more general composition is given by (Mg,Fe)2Al3(AlSi5O18).
Figure 1. Naturally occurring cordierite specimens found in the Norwegian coastal area. The specimens have the characteristic blue colour. Thin platelets of specimens like this of high optical quality could have been used by Vikings as polarization filters to determine the sun position during overcast days[2]. Photograph ©Jan Kihle
Although the industrial use of natural cordierite is rather limited there is an extensive production of synthetic cordierite and of glass ceramics with the base cordierite composition.
Surprisingly the applications cover a very wide range from simple household goods like pizza baking plates to more complex and low volume, but high added value, applications like the packaging material of high performance electronic chips. In the automotive industry the usage of cordierite ceramics in catalytic converters and diesel soot filters started in the middle of the seventies and is now widespread and can be considered to be a very mature technology with a high sales volumes. Especially the glass ceramics, with an elemental composition similar to the naturally occurring cordierite mineral, are popular materials. This can be ascribed to several material properties that make this material suitable for applications where a combination of resistance to thermal degradation, low thermal expansion coefficient, high thermal conductivity and good mechanical shock resistance are required.
The manufacture of cordierite based materials can be done in several ways; subjecting a bulk glass with the cordierite composition to a thermal treatment or sol-gel technology or partial melting in a mixture of powdered components ('talc path') or thermally collapsing a magnesium exchanged zeolite B structure (ideal composition of zeolite B is Na4 Al4 Si5 O18) [3] , to name a few. Whilst these processes employ temperatures in excess of 1000 °C, there is always a drive to find means of reducing the manufacturing temperature. Therefore, addition of small amounts of cations have been investigated, in particular Zn 2+ and Cr 3+ as both have spinel forming capabilities. In order to gain a more complete understanding of the fundamentals of the chemical process, in particular, restructuring and crystallization it is necessary to use time-resolved tools which can render structural information over several length scales and also allow for the elucidation of the changes in the chemical state of some of the elements that play a key role in these transforming processes.
The realization that a simultaneous/combination of Synchrotron based X-ray techniques and the development of sample environments which, not only could create the conditions with respect to temperature, pressure and chemical environment but also allow access for the experimental probes required for time-resolved in situ studies. In the area of synchrotron based X-ray probes available in various beamlines, allowed the development of combination of techniques with the appropriate time-resolution to be applied. These combinations could be those of X-rays with non X-ray based probes like Differential Scanning Calorimetry (DSC), Raman spectroscopy etc. [4] , or combinations of two X-ray based techniques like X-Ray Diffraction (XRD) and Quick EXAFS (QUEXAFS) [5] , or XRD with Small Angle X-ray Scattering (SAXS) [6] . Obviously the study of cordierite ceramic formation was not the single problem for which such combinations were required, but many other areas, in particular heterogeneous catalysis, solid-state reactions and many others [7] [8] [9] [10] [11] [12] [13] .
The reason why there are still so many unanswered questions about the occurrence and manufacture of cordierite by using thermal methods can be understood when one inspects a high temperature phase diagram [14] . Figure 2 shows an isothermal section (1460 °C) of the phase diagram. It shows a binary range of cordierite solid solutions which is surrounded by multiphase regions also containing liquid fractions. In such a complicated system it should not 4 come as a surprise that slight local compositional deviations can lead to different structures. In this case the crystallization enhancers in the form of metallic additions can play a crucial role and it is important that this role is understood [15] [16] [17] [18] [19] [20] . The same is true for temperature differences and gradients and probably even pressure [21] . or Cr 3+ in this case) on the crystallization process can be studied, at the local atomic level, with the use of appropriate combined techniques.
Materials and Methods
The glass samples used in the in situ combined small-angle X-ray scattering and wide-angel X-ray scattering (SAXS/WAXS) and X-ray absorption spectroscopy (XAS) experiments were prepared by co-melting the ingredients and then rapidly cooled by pouring the material on a Cu plate. After this the samples were cut into platelets and slightly polished. For full details see [17] . Initial SAXS/WAXS experiments were carried out on beamline 8.2 of the SRS, Daresbury laboratory, UK and these were the firsts experiments carried out on that beamline in the SAXS/WAXS mode [6, 17, 22] . Experiments were later repeated with better temperature control [22] on BM26B at the ESRF [23] . EXAFS experiments were carried out on beam line 8.1 of the SRS Daresbury laboratory [24] .
Zeolite B was synthesized based on the recipe provided in the patent [3] . In a typical synthesis, aluminium hydroxide, fumed silica and sodium hydroxide with appropriate ratios were mixed in water and the formed gel was subjected hydrothermal treatment. The final product was washed and dried before exchanging with magnesium chloride solution The ion-exchange was conducted at room temperature (RT) and the procedure was repeated three times to ensure complete exchange has taken place. This we term as MgB and was used for further studies. .
XRD patterns of both as-synthesised and after ion-exchange with magnesium showed that zeolite B phase was the only one present in the sample. Combined XAS/XRD data were collected at 9.3 beam line at SRS, Daresbury laboratory which operated at 2 GeV with a current of ca 150 mA. Self-supporting wafers of the zeolite mixed with 1 wt % ZnO was loaded in to a Linkam furnace and heated from RT to 1050 °C. A total scan time of 600 seconds was used which includes 180 s for QEXAFS and 380 s for XRD. XAS data was collected in transmission mode and XRD was collected using an INEL detector at a wavelength of 1.299 Å below the Zn K-edge absorption edge to avoid fluorescence. The temperature of the sample was raised from RT to 300 °C at a rate of 2 °C/min, followed by 20° °C/min from 300° to 750° °C and from 750 to 1050 at 2° °C/min. EXAFS data were analysed using the Athena and Artemis software suites [25] Results and discussion
First we discuss the influence of zinc cations in the conversion of a crystalline zeolitic solid (zeolite B) to crystalline cordierite phase through an amorphous intermediate followed by the role of chromium in the high temperature treatment of cordierite glass.
Cordierite from Zeolite B
Zeolite B has a typical composition of Na4Al4Si5O18 with Si/Al ratio of 1.25 which is identical to that found in cordierite material. Therefore, when exchanged with Mg 2+ (in place of Na + , a charge compensating cation) it should form the ideal composition to convert to crystalline cordierite [26] . It has been shown that this is the case and the conversion is shown to go via an amorphous intermediate before forming µ-cordierite which gets converted to final cordierite ceramic phase. In an earlier work we demonstrated the power of combined XRD/XAS technique that a small amount of ZnO alter the transformation temperature [11] . Here we show a more detailed analysis of the combined XRD/XAS data with new insights which were gained since the time the experiments were carried out.
In Fig. 3 we show the stacked plot XRD data of ZnO mixed MgB, collected at a wavelength of Whilst XRD data provided the unique information on the collapse of zeolite structure and some evidence for the ZnO being present in the system (weak reflections due to low concentration) along with the amorphous system and dissolution of ZnO at temperatures above 800 o C followed by the formation of stuffed quartz phase before forming the final cordierite phase, it was not possible to determine the fate of Zn(II) ions during the process. In order to evaluate the role of ZnO and its fate during the formation of cordierite from zeolite B, we analysed the Zn K-edge EXAFS data in detail, which provided complete local structural changes that took place during the transformation process. In figure 5 we show stacked plot of Zn K-edge XAS data and the Fourier transform of the EXAFS data recorded during the heating process. From figure 5 we see that there a number changes at the Zn K-edge XAS that take place during the heat treatment process compared to pure ZnO heated at the same temperature 
Figure 6 Variation in Zn-O coordination number, interatomic distance and Debye-Waller factor obtained from the analysis of Zn K-edge EXAFS data of ZnO mixed MgB sample with temperature. For comparison, pure ZnO was analysed and shown here.

Chromium containing cordierite glass
Transformation of a glass starting material via thermally induced devitrification to a glass ceramic is a simple and often followed pathway. The temperatures required for the treatment of cordierite glasses are relatively high and therefore cost wise this may not be the most economical route but the attractiveness of the method lies in its simplicity. A model of the product can be pre-shaped and then brought to the required temperatures without any other processing step being required. This route has been followed for a base glass with the cordierite composition which was doped with 0.34 mol% Cr2O3 as crystallisation enhancer. In order to be able to study the pure kinetics and also the role of the Cr in the crystallisation process one has to take care that the starting material is indeed fully amorphous which limits the allowed Cr concentration since if this is too high it is impossible to quench the melt fast enough to avoid crystallisation.
The glass was subjected to a two-step heat treatment, i.e. following the Tamman method [27] , where the lower first step is used to induce crystallisation nuclei and the following higher treatment allows the nuclei to develop. The temperatures required are found by empirical means but in this way it is possible to create crystallites which from the onset are monodisperse and grow at the same rate till the later stages where either Ostwald ripening can take over or where the crystalline volume becomes space filling. Part of the results obtained have been published before [17, 28] and will be only briefly summarised here. After that we focus here on some later insights and also show some later results. What exactly happens during the first part of the thermal treatment cannot be elucidated by diffraction or scattering methods since the nuclei are structurally too small and below the detection limit. Here one can revert to X-ray absorption spectroscopy which can provide information on the local Cr environment and thus can shine a light on its role as crystallisation enhancer as well.
In an earlier study using EPR [19] it was suggested that the Cr initially clustered before being transformed into a mixed Cr -Al spinel. EXAFS experiments [17, 23] , however, showed no sign of such clustering but instead showed the formation of a Cr rich spinel with composition MgCr0.18Al1.82O4. This is in agreement with the electron density differences found from the Xray scattering data which points to an initial homogeneous distribution of Cr throughout the glass but at later stages a nearly complete consumption of the Cr in the spinel particles.
Samples that had been subjected to the two-step heat treatment were characterized by XRD, after the on-line time-resolved SAXS/WAXS experiments, for phase determination and SEM/TEM for the morphological information. XRD shows that there are two crystalline phases, spinel and -cordierite (stuffed quartz), present but that the bulk of the material is still in a glassy state. The SEM shows that there exists a difference between the surface and the bulk of the samples. TEM confirms the presence of nano crystals in a glassy matrix (see figure   7 ). It was impossible to determine the crystalline phase by electron diffraction due to the fact that the crystallites started to rotate under the influence of the electron beam. fact that SAXS is more sensitive with respect to the onset of crystallization compared to WAXS. For SAXS only a somewhat increased long range density variation has to appear whilst in order for diffraction peaks to appear a large enough reasonable ordered crystal has to be formed. The earliest stages where due to the small crystallite size the Scherrer broadening is still relevant and the disorder intrinsic to the earliest stages of nano crystal formation preclude the detection of diffraction peaks [29] .
Figure 8 Time evolution of selected spinel diffraction peaks (open symbols), stuffed quartz (closed symbols) and the total scattered SAXS intensity (closed triangles). The dotted arrow is intended as a guide to the eye and serves to indicate the time correlation between the total SAXS intensity and the start of the spinel peaks, as well as the to indicate the time gap between the start of the spinel and the stuffed quartz. The non-correlated variation changes in the stuffed quartz peaks points to a developing texture (The curves of the diffraction peaks are offset for clarity)
The cordierite phase starts to grow after the formation of the spinel has started. Keeping in mind that the phase diagram is rather complicated and that local compositional changes correlated with the formation of the spinel can occur the question becomes if the two crystallization processes are correlated and that for instance a kind of core (spinel) -shell cordierite) could be formed [20] . In theory the SAXS data could provide the answer but with some polydispersity and a low crystalline volume fraction the time-resolved data lacks the quality to be allowed to do such analysis. One could argue that a higher intensity X-ray beam could improve the statistical data quality but here one can fall into one of the pitfalls of modern synchrotron beamlines where the intensity is so high that the photo electrons which are generated by X-ray absorption, start to interfere with the crystallization process in either a destructive or constructive way [30, 31] . In this case the WAXS data, in combination with the SEM data, provides the answer. Whilst the spinel volume fraction increases in a monotonous way, the stuffed quartz crystalline peak intensity increases erratically. See figure 8 . This
indicates that one is not dealing with a randomly oriented material but instead with a crystalline fraction that is textured and of which the texture is changing during the growth process. This indicates that the stuffed quartz is being formed on the surface of the glass platelets and is not associated with the growth of the bulk spinel phase. The conchoidal fracture visible in the SEM shows the extent of the stuffed quartz surface layer.
Here one can reflect for a moment on the luck of the experimenter. If these experiments had been carried out with a powdered sample the stuffed quartz would also have seen a random orientation and the increase in stuffed quartz volume fraction would also have been perceived as monotonous. The downside of this is that it is impossible to determine the crystallization kinetics of the stuffed quartz in this experiment and one has to revert to other methods [32] .
Another interesting aspect is that the unit cell sizes of both crystalline phases are continuously changing. For the stuffed quartz one observes an elongation of the unit cell and a decrease of the total volume. This change is monotonous. See figure 9 . In contrast the change in the spinel unit cell is not continuous. At the initial stages the nano crystals show a decreasing unit cell size. When the increase in average crystal radius, R, as determined by SAXS, slows down, i.e.
the particle growth does not follow the ( ) R t vs t growth behaviour anymore, the unit cell size starts to increase again. This is also the moment that the crystalline nanoparticles surface roughness starts to smoothen out.
It is not uncommon that the crystalline unit cell for nano crystals is not identical to the values reported for the same material in the bulk state [33] . In this experiment we see changes occurring for both phases. The stuffed quartz forms on the surface and has a tendency to grow 'into' the bulk forming a textured layer with the c-axis at right angles with the sample surface [34] . Here we see that, the unit cell appears to increase as the surface layer becomes thick.
For the spinel, once the growth process slows down sufficiently that the surface tension can be minimized and a smooth crystallite/matrix is formed, the unit cell starts to increase. Earlier we have shown that this was due to the fact that the specific volume of the spinel phase is smaller than that of the glassy state and that therefore the matrix exerts a considerable force on the crystallites which cause them to expand. This finding allows one to create a composite material with pre-stressed centers with a stress level that can be influenced by the thermal treatment.
We now return to the role of the crystallization enhancer in the form of the Cr addition. From the experiments above it is not clear if the Cr is involved in the formation of the spinel phase or of the stuffed quartz. Intuitively one would guess the spinel which is formed first. This intuition is confirmed by neutron scattering experiments on the cooled samples [19] . In these experiments one only observes the structure factor peak in the SAXS pattern and a notable absence of form factor intensity fringes. When one compares the neutron scattering length and the X-ray scattering cross section of the elements making up the samples, it is clear that only
Cr in the X-ray case stands out as a strong scatterer. This is illustrated in figure 10 . were studied here. The fact that the bulk spinel crystallization stalls, and the fact that Cr could be associated with this specific crystal, both via EXAFS as well as via contrast variation methods using both X-ray as well as neutron scattering, indicates that the presence of this crystallization enhancer determines the final degree of crystallization that is feasible.
Figure10 SANS (top) and SAXS (bottom
Conclusions
In the examples sketched above we showed that even for a relatively simple problem, as the creation of glass ceramics which can be interesting from a materials science point of view, a multitude of preparation methods, as well as a great variety of physical characterization techniques, are required to fully evaluate the influence of dopant ions that promote or retard the formation of ceramic cordierite. In this case there is a crucial role for on-line, in-situ methods which can mimic the industrial processes by which these materials are being created.
Whilst spinel formation (ZnAl2O4) in the case of zinc oxide mixed zeolite B or Mg Cr2O4 in the case of chromium doped cordierite glass) appears to be a common theme in the examples showed here, in the case of zeolite B it appears to promote the formation of cordierite at lower temperatures whereas it retards in the case of Cr doped cordierite glass. In the ZnO mixed system, we believe that the spinel formation may remove some of the excess Al 3+ to shift the equilibrium to promote the formation of cordierite. On the other hand Cr ions which occupy the B site, seem to remove the required magnesium ions to form spinel which probably shift the equilibrium in the opposite direction which seems to retard the transformation of cordierite.
Therefore, in order to be able to understand the role of the different preparation methods, the crystallization additives, and the time evolution of the materials, which are all part of the empirical knowledge but not necessarily understood at the different length scales relevant for the formation of these materials, one requires a plethora of experimental techniques.
